When calcium titanate crystals are grown from stoichiometric melts, they crystallize in the cubic perovskite structure. Upon cooling to room temperature they undergo subsequent phase transitions to tetragonal and orthorhombic modifications. These phase transitions are disruptive and result in severely damaged crystals. This paper presents differential thermal analysis data for several prospective solvents, with the aim to identify a system offering the possibility to perform crystal growth of undistorted CaTiO 3 crystals by crystallizing them significantly below the melting point directly in the low temperature modification. From mixtures CaF 2 :TiO 2 :CaTiO 3 = 3:1:1 (molar ratio) the growth of undistorted, at least millimeter-sized CaTiO 3 crystals is possible.
Introduction
The chemical substance calcium titanate CaTiO 3 was reported first in 1840 by Rose as the mineral perovskite [1] and is now the prototype of the perovskite crystal structure. Although the mineral was first reported to belong to the regular (cubic) crystal system, this assumption is wrong: at least at room temperature a P bnm structure is stable. Instead, the cubic space group P m3m is found for CaTiO 3 only at high temperatures. In this phase, Ti 4+ is octahedrally coordinated by six oxygen atoms and the larger Ca 2+ is placed in the center of a regular cuboctahedron of 12 oxygen atoms. Upon cooling the TiO 6 octahedra become distorted and rotated which leads in a series 
to crystal structures with lower symmetry. The transformation temperatures in equation (1) are reported controversially in the literature [2, 3, 4] . Kennedy et al. [5] reported an additional Cmcm phase between P bnm and I4/mcm that could not be confirmed by other authors. According to different authors [6, 7, 8, 9] , the P m3m phase of CaTiO 3 melts congruently around T f ≈ 2174 − 2262 K, but despite some reports [10] the phase transitions (1) result in twinned crystals during melt growth [11] . The transition from the cubic to the tetragonal phase is lower for congruently melting Ba 1−x Ca x TiO 3 (x = 0.227) mixed crystals, but also there twinning occurs [12] . It should be noted that CaTiO 3 is the only intermediate compound in the CaO-TiO 2 system that shows congruent melting. Two other intermediate compounds, both containing more CaO, undergo peritectic decomposition: Ca 3 Ti 2 O 7 melts peritectically under the formation of Ca 4 Ti 3 O 10 which later melts peritectically under the formation of CaTiO 3 [6, 8] . These CaO-rich calcium titanates belong to a series of Ruddlesden-Popper phases [13] .
In cases where crystals cannot be grown from their congruent melts, often crystallization from high temperature melt solutions provides an alternative approach [14] . The growth of millimeter-sized CaTiO 3 crystals was reported from different melt solutions based on ingredients like KF, [15] . However it is a drawback of all these solvents that they add foreign ions to the melts that may enter up to a few percents in the crystal structure of the solute CaTiO 3 . In recent studies the growth of high quality SrTiO 3 proved possible from an excess of TiO 2 as solvent [16, 17] . The eutectic temperature of SrTiO 3 /TiO 2 T eut = 1722 ± 3 K is significantly lower than the congruent melting point of SrTiO 3 T f = 2352±20 K. Corresponding literature data for the CaTiO 3 /TiO 2 eutectic range from T eut = 1690 K [6] to T eut = 1726 K [8] , which indicates a less significant lowering of the liquidus temperature at the eutectic composition.
Good solvents are compounds that form a eutectic system with the solute, with vanishing solubility of the solvent in the solid phase of the solute [14] . Besides this, the requirements for a good solvent are somewhat contradictory: On the one side, a low melting solvent results in a low T eut and offers the possibility to perform the growth process at low T -possibly below the critical phase transitions (1) . On the other side, the eutectic composition x eut with a low melting solvent shifts close to the solvent, which lowers the yield of the growth process [18] . In this paper several solvents for the melt solution growth of CaTiO 3 crystals are tested on a thermoanalytic basis. The emphasis was on finding a solvent that allows a growth temperature below critical phase transformations, but with acceptable solubility for CaTiO 3 . At the same time, the incorporation of foreign solvent ions should be avoided to the highest possible degree.
Experimental
Differential thermal analysis (DTA) with simultaneous thermogravimetry (TG) was performed using a NETZSCH STA 449C "Jupiter" thermal analyzer.
A DTA/TG sample holder with Pt/Pt90Rh10 thermocouples and platinum crucibles allowed measurements up to 1920 K in a flowing mixture of 20 ml/min Ar + 20 ml/min O 2 . Only for the re-determination of the poorly defined melting point of pure CaTiO 3 (see previous section), a powder sample was melted in a NETZSCH STA 429C analyzer with W/Re thermocouples and tungsten crucibles. Usually the DTA samples were melted twice to ensure good mixing, and the second heating curves were used for further analysis.
Crystal phase and lattice parameter analysis of starting materials and of annealed samples was performed by X-ray diffraction using an XRD 3003 TT (GE Inspection Technologies). Cu K α1 radiation and a Bragg-Brentano setup were used with a scintillation detector. A heating stage by MRI (Materials Research Instruments) allowed XRD analysis up to 1600 K.
The chemical composition of the grown crystals was investigated by micro X-ray fluorescence (µ-XRF) measurements. The measurements were performed at low vacuum conditions (1 to 4 mbar) using a Bruker M4 TORNADO spectrometer. The measurement system was equipped with a Rh X-ray source operated at 50 kV and 200 µA. Polycapillary X-ray optics were used to focus the Bremsstrahlung at the surface of the sample, which enabled a high spatial resolution of 25 µm. The measurement time per point was set to 10 s. The signals were detected using a circular silicon drift detector. For the accurate determination of the chemical composition, the XRF spectrometer was calibrated using a sintered CaTiO 3 pellet. 3 The synthesis of CaTiO 3 powder was performed from a stoichiometric CaCO 3 (Fox Chemicals, 99.99%)/TiO 2 (Alfa Aesar, 99.995%) = 1:1 mixture. When this mixture is heated at 10 K/min in the thermal analyzer, mass loss and endothermal signal between ≈ 1050 K and ≈ 1200 K indicate the decomposition of CaCO 3 to CaO and CO 2 . A subsequent sharp exothermal effect close to 1740 K results from the reaction
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which proceeds without mass change. If the polycrystalline CaTiO 3 powder is heated repeatedly, small but reproducible endothermal peaks ( 300 J/mol, insert of Fig. 1 ) around 1520 K and 1625 K indicate the orthorhombic/tetragonal and tetragonal/cubic phase transitions of the material (1). It should be noted that the latent heat for the first transition is significantly lower than reported in the FactSage database [9] , but both values are very small compared to the heat of fusion (see below), with consequently large experimental error. The third DTA peak in Fig. 1 near 1723 K coincides with the eutectic temperature between CaTiO 3 and TiO 2 . One can assume that remaining inhomogeneity of the ceramic samples is responsible for this peak. The position of these DTA peaks reveals that simply working in a CaTiO 3 -TiO 2 eutectic system cannot suppress the liquidus temperature below the phase transition temperatures. A series of X-ray diffraction studies between room temperature and 1573 K demonstrated the shift of X-ray peaks to smaller diffraction angles 2 Θ, resulting from thermal expansion (Fig. 1) . Some peaks that are separated in the orthorhombic phase merge in the tetragonal phase, resulting from the higher symmetry (e.g. 022 and 202).
The melting behavior of this CaTiO 3 powder was investigated in the STA 429C and was compared for calibration to the melting of pure Al 2 O 3 (T f = 2327 K, heat of fusion ∆H f = 118.4 kJ/mol [9] ). From this measurement T f = (2220 ± 20) K and ∆H f = 113.3 kJ/mol were found for CaTiO 3 . Even if a DTA measurement at such high temperatures gives usually only a rough estimation of ∆H f with errors of typically 20%, this experimental value is in good agreement with FactSage [9] , where 106.6 kJ/mol are given. Figure 1: X-ray powder patterns of CaTiO 3 in the orthorhombic phase at room temperature (298 K) and in the tetragonal phase at 1573 K. Orthorhombic indexing for space group setting P bnm [19] . Insert: DTA curve (5 K/min, 2 nd heating) of polycrystalline CaTiO 3 .
System CaTiO 3 -KF
Potassium fluoride was already successfully used for the melt solution growth of CaTiO 3 but has at least the drawback of high volatility which impedes long growth runs [15] . Besides, the molar solvent:solute ratio was 12:1, which limits significantly the yield of the crystallization process. Thus Watts et al. obtained from crucibles with 50 ml volume starting at 1443 K after 28 days only crystal sizes up to 2 × 2 × 2 mm 3 [15] . To understand this growth process, DTA measurements of CaTiO 3 -KF mixtures were performed up to ca. 1220 K. This lower T limit was chosen to avoid serious evaporation of KF that would otherwise shift the composition of DTA samples. Heating curves of four KF-rich compositions are given in Fig. 2a) and show initially the expected drop of the liquidus temperature from pure KF, that hints at a CaTiO 3 -KF eutectic. With higher concentration of the solute, starting with x = 0.965, an unexpected small peak appears near 1050 K. The lowermost curve in Fig. 2a ) almost corresponds to the melt growth solution that was used by Watts et al. [15] , except for a small CaO excess that was used there. One can suspect that an disadvantageous ion exchange reaction of the kind
produces some CaF 2 in the melt. Calcium fluoride is known to form with excess KF the perovskite type double fluoride KCaF 3 which is the only intermediate phase in the CaF 2 -KF system [20, 21] . Because the publication of this system is rather old, several CaF 2 /KF mixtures around the eutectic compositions in Fig. 2b ) were re-investigated by DTA. For the left eutectic, (1054 ± 2) K, and for the right eutectic (1328 ± 3) K were found which is a good confirmation of the literature data [20] . The formation of CaF 2 (3) and subsequently KCaF 3 reduces further the already small CaTiO 3 assay in the melt solution, which finally limits the efficiency of the growth process. Similar disadvantageous results were obtained with a series of other typical melt solution solvents, such as BaCl 2 , SrF 2 , NaF, CaCl 2 , MgF 2 . Details on these experiments can be found in the accompanying material.
System CaTiO
The results of the previous section 3.2 showed that the application of solvents based on foreign cations (such as K + ) is critical because they might give rise to parasitic phases. Besides the formation of solid solutions between solvent and solute is a typical issue that was observed e.g. for growth from solutions containing PbF 2 where Pb 2+ substitutes partially for Ca 2+ in CaTiO 3 [15] . In a series of DTA measurements the pseudobinary system CaTiO 3 -CaF 2 was investigated up to 1723 K and it was found to be eutectic. Fig. 3a) shows that the liquidus drops from the melting point of pure CaF 2 (T f = (1692 ± 3) K) to T eut = (1654 ± 3) K which is reached at x eut ≈ 0.9 CaF 2 . The isotherm at 1424 K marks the α/β transition of CaF 2 which has, however, only a marginal thermal effect [22] . T eut is 29 K higher than the highest t/c transition of CaTiO 3 . For samples x x eut , the liquidus temperature can be exceeded during the DTA measurements and during cooling rectangular crystallites with dimensions ≤ 0.5 mm are formed. Their surfaces, however, are concave stepped and microscopic inspection shows typical flaws resulting from phase transitions that occurred after crystallization. It was mentioned in the introduction that for SrTiO 3 the growth temperature could be lowered substantially using melt compositions that are close to the SrTiO 3 /TiO 2 eutectic. Because the corresponding reduction of the liquidus temperature is insufficient for the growth of CaTiO 3 , it seemed worthwhile to study a combination of CaF 2 and TiO 2 as prospective solvent. In a first step, the pseudobinary system CaF 2 -TiO 2 had to be investigated.
Hillert [23] published a CaF 2 -TiO 2 phase diagram based on annealing experiments and found it to be eutectic with a monotectic miscibility gap in the liquid. In his study x eut is almost in the middle of the system, on the TiO 2 -rich side of the monotectic. Fig. 3b) shows the present DTA results that are contradictory: The monotectic line at T = 1623 K extends to the TiO 2 side of the system and x eut is CaF 2 -rich. Besides, both isothermal lines are significantly lower in the present study: T eut = (1584 ± 2) K rather than 1633 K [23] , and monotectic demixing at (1623 ± 3) K rather than 1638 K [23] .
One can expect as a result of the opposite position of x eut that the stable form of solid TiO 2 (tetragonal rutile) has a wide range of primary crystallization in the phase diagram. Indeed, visual inspection of DTA samples with 0.4 ≤ x ≤ 0.7 showed dark rutile needles at the melt surface. One example is shown in the insert of Fig. 3b) .
The eutectic temperature in Fig. 3b ) is 41 K below the tetragonal/cubic transition of CaTiO 3 that was measured in section 3.1. This raises the hope that a mixture of CaF 2 and TiO 2 could be used as a solvent from which CaTiO 3 can be crystallized at least below that transition. In a series of DTA measurements, to samples starting from "pure solvent" 0.75 CaF 2 + 0.25 TiO 2 (set to x ′ = 1), increasing amounts of CaTiO 3 were added up to (n -corresponding molar quantities). The experimental results of this study, together with published data on the CaO-TiO 2 binary, allowed the construction of the concentration triangle CaTiO 3 -CaF 2 -TiO 2 that is shown in Fig. 4 . To calculate this graph, data for the solids CaTiO 3 (cub, tet, ort), CaF 2 (α-, β-), and TiO 2 were taken from the FactSage [9] databases if possible. A sufficient model for the excess Gibbs free energy of the melt was found by Redlich-Kister [24] polynomials for the binaries
with parameters i L AB that are given in Table 1 . It should be noted that these parameters were not the subject of a detailed numerical assessment, because insufficient experimental data were available, especially inside the ternary region. Nevertheless a reasonable description of all DTA results was possible on this basis even without using additional ternary interaction parameters.
As expected, the cubic modification of CaTiO 3 crystallizes from melt compositions that are close to this corner of the concentration triangle Fig. 4 . The insert of Fig. 3a) showed already that primary crystallization of this phase results in distorted crystallites because they undergo a critical phase transition
-3000 -10000 10000 8000 L(CaF 2 -TiO 2 ) 11500 20500 -16000 -L(CaTiO 3 -TiO 2 ) -19500 --- upon cooling. Below the bold gray isotherm, however, CaTiO 3 (tet) crystallizes first, and the insert of Fig. 3b ) showed that such crystallites are less prone to distortions. This primary crystallization field of CaTiO 3 (tet) is partially covered by a phase field where demixing of the melt occurs. Fig. 3b) shows that also there the system is completely molten for T > 1623 K which is sufficient to prevent crystallization of CaTiO 3 (cub). Indeed, the DTA samples with compositions inside the primary crystallization field of CaTiO 3 (tet) contained small (≤ 0.5 mm) CaTiO 3 crystallites that were free of distortions. In a first unseeded crystal growth experiment similar conditions were checked on a larger scale. A 30 ml Pt crucible (diameter 40 mm, height 35 mm) was filled with 15.62 g of a 3:1:1 (molar) mixture of CaF 2 , TiO 2 and CaTiO 3 powders, and was covered by a Pt lid. In a muffle furnace the crucible was heated at 5 K/min to 1673 K and held there 3 h for homogenization. Then the crucible was cooled at a rate of 4 K/h to 1073 K where the heating power was switched off. Fig. 5 shows a photograph of the crucible after this process, together with the magnification of one of the crystals that could be found in the solidified melt. These crystals are located in the vicinity of the crucible wall. Most of them are cubes or cuboids with edge length up to 2.5 mm; all of them are free of the flaws that were found in crystals grown at higher temperature. Even if the crystals are clear, they exhibit a bright brown coloring. X-ray fluorescence analysis revealed a stoichiometric composition since, within the range of typical measurement uncertainties, no signicant differences from the sintered standard pellet were detected. It turned out, unfortunately, that it is very difficult to remove crystals from the melt body.
Discussion and Conclusions
It could be shown that a combination of TiO 2 and CaF 2 represents a suitable solvent for solution growth of CaTiO 3 crystals. This combination has the benefit that foreign cations are completely omitted, and F − is the only foreign ion at all. A molar ratio solute (CaTiO 3 ) to solvent (CaF 2 +TiO 2 ) of 1:4 can be used for the growth process which is considerably better than for other solvents such as KF (see section 3.2) were the ratio is in the order of 1:12.
Melts with high concentrations of CaF 2 and TiO 2 exhibit a monotectic miscibility gap, which is shown near the bottom line of the concentration triangle in Fig. 4 , or for the CaF 2 -TiO 2 system without CaTiO 3 in Fig. 3b , respectively. The corresponding "liq 1 +liq 2 " phase fields are beneficial for crystal growth from melt solution, because they reduce significantly the temperature where the first precipitation of a solid phase from the melt(s) occurs. In Fig. 3b already for x ≥ 0.4 the whole system is liquid above 1623 K. This would not be the case if the system were simply eutectic, because the melting point of TiO 2 is rather high. A positive (repulsive) excess Gibbs free energy contribution ∆G which can be described by the parameters in Table 1 is the origin of the miscibility gap. The total amount of this "demixing" contribution to G ex is shown in Fig. 6 and exceeds never 200 J/mol which is so small, that an experimental detection by normal DTA measurements at high T ≥ 1600 K is difficult. According to the experimental data that are presented here, the positive ∆G shrinks as to expected with T and disappears at T ≈ 2075 K. The inflection points which are marked by symbols in the ∆G(x) functions in Fig. 6 mark the points where spinodal decomposition of the melt occurs. The outer symbols on the curves mark the equilibrium concentration where demixing begins at the corresponding temperature.
From the thermodynamic dataset that was used for the calculation of Fig. 4 the ternary eutectic point between CaTiO 3 , CaF 2 and TiO 2 is at T eut = 1522 K and just 8 K below the tetragonal/orthorhombic phase transition of CaTiO 3 which comes out in this calculation at 1530 K. The minor CaTiO 3 (ortho) phase field is, however, not labeled in this figure because it is very small and hard to recognize. So far it cannot be decided if the growth process that led to the crystals shown in Fig. 5 were crystallized in the tetragonal phase and transformed to the room temperature orthorhombic phase without distortion, or if they crystallized directly in the stable orthorhombic phase. Possibly also crystallization inside the CaTiO 3 (tet) phase field could lead to the immediate crystallization of CaTiO 3 (ort), if supercooling occurs. Severe supercooling is known to be a common phenomenon during oxide crystal growth, including titanates [25, 26] .
